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IBTJlomcrmw 

Field studies were conducted in the Hawkins Bay area during August 

and September of 1986. These studies were designed to obtain data for 

use in testing and refining the hydrodynamic and transport models 

previously developed for predicting the effects of an offshore discharge 

from the proposed Kingsland Bay Fish Hatchery on phosphorus 

concentrations in the area (Walker, Laible, Owens, & Effler, 1986). 

Additional objectives were to select a specific location for the 

offshore discharge and to evaluate currents in that area via drogue and 

dye studies. Based upon these additional data and further analysis of 

historical data, the phosphorus transport model ro:ts been refined and 

used to project hatchery impacts for effluent flows and concentrations 

specified in the discharge permit which has been drafted by the Vermont 

Department of Water Resources. The work is described in the following 

sections: 

WIHD VELOCI'I'Y MEAS1JKEIIEIITS 

DROGUE STUDIES 

DISCUSSIOB OF C1JB.REIIT PA'l'TERJIS AX PROPOSED OUTFALL LOCATION 

DYE STUDIES 

'I'B.ABSPORT !I)DEL 1lEFilfEIIElrrS 

BArCHERY IMPACT PROJECTIOBS 

A final section summarizes principal conclusions of the study. The 

location of the proposed offshore outfall is approximately 400 meters 

west of Gardiner Island, as shown in Figure 1. Results indicate that, 

with the proposed effluent limitations, the offshore hatchery discharge 

will cause an average increase of less than 2 ppb in the bay area east 

and south of Thompson's Point under summer loading and wind conditions. 

WIBD VELOCITY HEAS1JDIIEII"lS 

/ 
Wind· speed and direction were recorded at the eastern tip of 

Thompson's Point during August and.September 1986, as shown in Figure 1. 
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~: 
Measurements were recorded at 5-minute intervals using a remote data 

logger. Wind speeds driving lake currents are likely under-estim.a.ted 

because the field station l.S somewhat sheltered by land masses, 

particularly from northeast winds. 

The resulting wind rose is shown in Figure 2. The data suggest two 

dominant wind events- southeast (mean speed • 7.3 mph) and northwest 

(mean speed • 6.6 mph). The mean wind speed for August-September 1986 

period was 8.7 mph, compared with a 20-year average of 7.7 mph recorded 

at the Burlington Airport for these months. Figures 3-6 display the 

wind speed and direction for time periods preceding and during each 

drog'.!e study. 

Wind speed and direction at Thompson's Point during September 1986 

are compared with the Burlington Airport data in Figures 7 and 8, 

respectively. The lake data are more scattered because the observations 

are at 5-minute intervals, as compared with the Burlington Airport data, 

which are taken at 3 hr intervals. With the exception of the northern 

wind event which occurred on September 20, speed and direction are in 

reasonable agreement. Burlington Airport data appear useful for 

longterm projections, although both sources of wind data seem likely to 

underestimate wind speeds over the lake. 

Histograms of wind direction at Thompson's Point and Burlington 

Airport wind data are shown in Figures 9 and 10. Wind is from the SE 

quadrant 44,45% of the time at the Airport and the lake site 

respectively. The percentages for the other quadrants for the airport 

and lake site respectively are NE - 13,20 %, SW - 12,10% and NW-

30 ,26%. When broken down into eight directions (Figure 10), the data 

indicate that winds are more from the SE at the lake site than at the 

Airport. 
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DROGlJE S'IUDIES 

During the August-September 1986 period of field studies, lake 

elevations averaged 96.3 feet, or .7 feet above the mean stage of 95.6 

feet. Drogues, devices used for direct measurement of lake current 

velocities, were released and tracked on four occasions. Wind 

· conditions, release points, and drogue paths are summarized in Figure 

11. Drogue paths are compared with model predictions as follows: 

Release Paths Hodographs* 

August 18 Figure 12 Figure 13 

August 28 ·Figure 14 Figure 15 

Sept 2 Figure 16 Figure 17 

Sept 3 Figure 17 Figure 19 

* velocity vs. depth diagrams 

Table 1 summarizes measured and modeled current speeds. Results 

indicate that there is a dominant current along a NE-SW bearing for both 

NW and SE wind conditions and that the hydrodynamic model generally 

underpredicts measured current speeds, when driven by wind speeds 

measured at Thompson's Point. 

On August 18, the mean wind velocity prior to and during drogue 

tracking has been computed using wind data from 9:30 - 15:00. The mean 

velocity was 13 .8 mph from a direction 25 degrees west of true north. 

Figure 12 shows the August 18 wind direction (NNW), predicted vertically 

averaged current patterns, and the observed drogue paths. The modeled 

currents have been generated using a wind speed of 13.8 mph and a wind 

shear coefficient Cw•.OOl (identical to the value used in previous 

simulations (Walker et al., 1986)). The model hodograph at node (82) 

nearest to the release point, is shown in Figure 13, along with the 
/· 

observed dr~gu~ paths. 

'! 
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Initial drogue path directions compare well with the simulated 

patterns for the August 18 drogue study. The drogue paths follow 'the 

directions of the simulated currents away from the release point. Both 

the modeled and measured results suggest a strong reverse current, with 

a mean direction towards the northwest. Measured current magnitudes 

were approximately twice the modeled currents near the surface. The 

· observed and predicted magnitudes at the lower depths were in good 

agreement, however. 

On August 28, wind direction was initially from the NW (prior to 11 

am), but later shifted to the NE. Wind speeds var:ied from 5-13 mph. 

Figure 14 shows the simulated current patterns for a N wind and the 

drogue paths. Figure 15 compares the drogue paths and the simulated 

flow over the depth. Observed currents (3.9-8.5 em/sec) are 

significantly larger then the simulated values (1.6-4.2 em/sec). 

Simulated surface currents are in the direction of the wind, whereas the 

observed currents were directly into the wind. Both observed and 

simulated flows are generally along a NE-SW bearing. 

On September 2, the wind was from the W-NW direction at 5-10 mph. 

Figure 16 shows the simulated current patterns for WNW wind and the 

drogue paths. Figure 17 compares the drogues paths and simulated flow 

over the depth. In this case, the directions of the surface and bottom 

currents are in good agreement. The observed flows from'! meter down 

are again along a NE-SW bearing. This case gives the best agreement 

with the magnitude of flow. Observed and simulated surface speeds are 

2-3 em/sec vs. 2 em/sec, respectively. Observed and simulated near

bottom speeds are 2-3 em/sec vs. 1 em/sec, respectively. 

On September 3, the mean wind velocity prior to and during tracking 

was computed using wind data from 8:00 - 16:00. The mean velocity was 

9.3 mph from a direction 25 degrees east of true south. Figure 18 shows 
/, 

the September/3 wind direction (SSE), predicted vertically averaged 

current patterns, and observed drogue paths. The model hodograph at 
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node 92, nearest to the September 3 release point, is shown in Figure 

19, along with the observed drogue paths. 

The initial drogue path directions compare well with simulated 

patterns for the September 3 release. The drogue paths also follow the 

directions of the simulated currents away from the release point. Both 

the modeled and measured current structures are predominantly towards 

the northeast. The model predicts a mild reverse current which was not 

observed in the field. Observed current magnitudes on this date are 

significantly greater (4 - 8 times) than the modeled currents. This 

indicates that the assumed wind shear coefficient may be too low and/or 

that a slope current had not fully developed (see discussion below). 

One possible explanation for the better agreement of the modeled 

and measured currents for the NNW case is that the magnitude and 

direction of the wind on August 18 was steadier and of longer duration 

than on September 3 (SSE event). Since the model produces results for a 

steady condition, better agreement should be achieved for winds of a 

stronger and longer duration. A reverse current, as observed for the 

NNW event, requires a build-up in surface elevation at the windward land 

mass. This would be achieved more rapidly for strong winds from the NNW 

due to shallow area of Hawkins Bay. A longer period of time may be 

required for a SSE event because of the large expanse of water to the NW 

of the release point. These considerations suggest that the drogue 

paths observed on September 3 (SSE event) may have represented transient 

conditions, with insufficient time for full development of a reverse 

current. Consequently, the field measurements show more of a 

unidirectional flow condition. 

For each drogue study, dominant observed and measured currents in 

the discharge region tend to be in a direction nearly perpendicular to 

the wind, reflecting the topographic gyre that develops throughout 
/ 

Hawkins and Town Farm Bays. The gyre is counter-clockwise for a SSE 

wind and clockwise for a NNW wind.~ 
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DISCUSSIOB OJ' C1JUEII'l PAnEUS AT PROPOSED OU'n'ALL LOCATIOB 

The previous study (Walker,Laible, Owens, & Effler, 1986) utilized 

wind-driven circulations as the advective terms in the cell model 

transport analysis. The drogue studies and modeling discussed above 

indicate that the hydrodynamic model captures the general structure of 

the circulation patterns in the region, but generally under-predicts 

current magnitudes. 

The nature of these currents and their effects on transport in the 

discharge location deserve comment. Figure 20 shows simulated current 

patterns for eight wind conditions (N,NE,E,SE,S,SW,W and NW). While the 

dominant wind conditions are from the SE and NW, an interesting 

condition exists in the discharge cell that is common to all wind 

conditions. Careful observation of the direction of flow in the 

discharge region reve~at the discharged fluid is generally swept 

into currents with a NE-SW bearing. The worst condition appears to be 

during an easterly wind event, when the initial NE transport is drawn 

into Hawkins Bay near Long Point. Currents are directed into Hawkins 

Bay in the discharge zone during an easterly event since fluid must be 

replaced by the significant westerly flow along MacDonough Point. It 

should be noted, however, that easterly winds are present only 16% of 

the time (Figure 10). 

These results indicate that dominant transport from the proposed 

discharge location is not directly into the shallow Hawkins Bay area. 

The results also suggest that, although the wind driven currents will 

tend to spread the discharged fluid throughout the greater bay area east 

and south of Thompson's Point, the actual direction of the wind will 

have little effect on changes in phosphorus concentration resulting from 

the hatchery discharge. The relationship between wind direction and 

hatchery imp~ct is investigated further below using the transport model 
/ 

(see BA%CBERY IKPAcr PBOJEcrlOBS). The proposed discharge location is 

favorable since it is not in a region where a particular wind condition 

would cause a major increase in the transport of phosphorus into the 
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Bay. In comparison, a discharge location closer to MacDonough Point 

would cause considerable transport into the Bay under S, SW, W or··· NW 

wind conditions. Flows would reverse for the N, NE, E and SE winds, 

respectively. 

DYE S'l'UDY 

Rhodamine B dye was released at a location approximately 400 meters 

WNW of Gardiner Island (latitude 44° 15.04', longitude 730 17 .71') at 

2:20 pm on September 15, 1986. The dye was released in a 150-foot strip 

and dispersed over a depth range of 5-25 feet. The.water column was 32 

feet at this location and was essentially isothermal. The quantity of 

dye released was sufficient to increase the average fluorescence in the 

release cell (column 17, row 11 of the expanded model grid) by 2.5 

units, as compared with background levels of approximately .1 units. 

Dye concentrations were tracked in the surrounding bays over a 

period of approximately two days using a flow-through fluorometer. A 

total of 250 measurements were recorded at depths ranging from 0 to 25 

feet. Latitude/longitude coordinates were measured with a Loran-e unit. 

Aerial photographs of the dye plume were also taken at various times 

between 1 and 5 hours after the dye release to supplement the field 

measurements. 

Wind velocity measurements at Thompson's point over the dye-study 

period are displayed in Figure 21. A light ( 2-6 mph) · SE wind was 

dominant during the period prior to and immediately following (2 hrs) 

the dye release. Subsequently, dominant winds shifted between NW and NE 

at speeds varying up to 18 mph. 

Dye measurements grouped into four time periods (2-5 hours, 5-10 

hours·, 21-25 hours, and 44-46 hours after the dye release) are displayed 
/ 

in Figure ,2V. The contour diagrams have been generated using the 

·following p~ocedure: (1) increase g~id resolution by factor of 4 (divide 

each cell into 16 mini-cells, each· 100-meters square); .(2) determine 
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maximum observed concentration for each mini-cell and time period; (3) 

plot contours accordingly. Maxilnum (vs. mean) observed concentrations 

have been used to circumvent a complex spatial weighting procedure. 

Accordingly, the resulting contour diagrams likely over-estilna te the 

actual dye plume concentrations and under-estimate the observed 

dilution. 

Dye measurements, direct field observations, and aerial photographs 

indicate that the dye plume moved rapidly towards the ENE during the 

first five hours of the study. During these hours, the bulk of the 

measured dye mass was at depths ranging from 6 to 15 feet. Aerial 

photographs also indicate that a narrow surface plume extended from an 

area approxilnately 200 meters north of Gardiner Island to 400 meters 

west of the tip of Long Point approximately 2.5 hours after the dye 

release. The surface plume headed ENE to an area just north of Gardiner 

Island and subsequently turned NNW as it encountered currents along 

Long Point. This narrow surface plume was not measured directly and is 

not reflected in the contours shown in Figure 22. Based upon the aerial 

photos, the surface current velocity was approximately 8 em/sec to the 

NE during the first 2.5 hours of the experiment, when light SE winds 

were dominant. 

The behavior of the plume during the first few hours of the 

experiment is important because wind conditions were most representative 

of the prevailing SE wind. Had these winds persisted for a longer 

period, the bulk of the dye would likely have been transported in the 

counter-clockwise currents towards Thompson's Point and the open lake. 

As the wind shifted from SE to NE approxilnately 3 hours after the 

release, howeve:r, the plume began to move SW. The strong NW winds 

recorded between hours 13 and 35 drove the peak dye concentration 

towards an area SE of McDonough Point, where it was observed on the 
/ 

second day; of the experilnent (hours 21-25) at a peak concentration of 

approximately .5 units, as shown in Figure 22. On the third day of the 
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study ( 44-46 hours), fluorescence ranged from .06-.07 units and no 

gradients could be detected. 

Table 1 compares observed and predicted current speeds for the few 

hours of the experiment, based upon dye study results. At the surface, 

the maximum observed current velocity (based upon aerial photographs) 

was approximately 8 em/sec, as compared with a predicted velocity of 1 

em/sec for the corresponding wind condition. Based upon movement of the 

peak dye concentration, the mean observed current velocity was 

approximately 1. 7 em/ sec, as compared with a predicted mean velocity of 

.5 em/sec. 

Simulations of dye movement have also been performed using the 

linked hydrodynamic and transport models. Because each of these models 

assumes steady wind and current conditions and because wind conditions 

were variable during the dye study (Figure 21), it is necessary to break 

up the simulation into five periods of approximately uniform wind 

conditions, as indicated in Table 2. The root-mean-square wind speed 

(mixing energy input is proportional to square of wind speed) has been 

calculated for each period and used to drive the hydrodynamic model. An 

estimated speed of 5 mph has been assumed for periods with NE winds, 

since the Thompson's Point wind recording station is sheltered from NE 

winds. For comparison, 

·Burlington Airport data 

simulations have also been performed using 

(at three-hour intervals) to drive the 

hydrodynamic and transport models. 

Simulation results are compared with observed dye plume behavior in 

Figure 23. In this figure, each row corresponds to a different time 

period and each column, to a different simulation run or set of observed 

values. The parameters used for the four simulations are identical to 

those used in evaluations of hatchery impact (see DAJISPOR.T lmDEL 

IBFIHIKIB1S). For the first two runs, dispersion coefficients have been 
/ 

estimated 'by calibration against August-mid September 1984 phosphorus 
# 

concentrations in the region. FQr the third and fourth runs, current 

patterns predicted by the hydrodynamic model have been used to drive the 
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transport model, based upon Thompson's Point and Burlington Airport ~ind 

measurements, respectively. The last column displays observed cell-mean 

concentrations, for each time period (corrected for a background 

fluorescence of approximately .1 units). The observed cell-mean values 

have been calculated from the dye contours (Figure 22) by area-weighted 

averaging within each cell. A scale factor of 10 is used to display 

observed and predicted concentrations in all cases. 

Over the first 10 hours of the experiment, it is difficult to 

compare observed and predicted dye concentrations because the dye plume 

straddled cell boundaries and cells were not of uniform concentration, a 

condition which is inherent in the transport simulation. The 

comparisons are more valid at longer times (21 - 45 hrs). For both of 

these time periods, observed cell-mean dye concentrations and plume 

sizes were generally lower than modeled values for all simulation runs. 

Between 21 and 25 hours after the dye rei ease, the center of the 

observed plume was somewhat further south (hugging the shoreline along 

McDonough Point) than predicted by the models, although observed 

concentrations ( .1- .2 units) agree with model predictions. Generally, 

the simulations using the hydrodynamic model with Burlington Airport 

wind data show the best agreement with observed dye movements. Between 

43 and 45 hours after the release, the models predict 4 to 15 cells 

exceeding .1 units, although no plume could be detected. 

Consistent with drogue study results, dye study results suggest 

that current magnitudes in the region exceed those predicted by the 

hydrodynamic mode 1. This under-estimation may be related to two 

factors: ( 1) under-estimation of the wind shear coefficient (a model 

parameter determining energy input at a given wind speed) and/or (2) 

under-estimation of effective wind speeds driving lake circulation. The 

above simulations (Figure 23) suggest that Burlington Airport data may 

be more reppesentative of winds driving lake circulation than 

measurements made at Thompson's Point. Sheltering by land masses may be . 
a significant problem at the latter station. The predicted current 

speeds assume that the land-based wind measurements are applicable to 

10 



the bays and open lake. Because of long fetches, wind speeds over the 

open lake are likely to be considerably higher than those measured· on 

land. In order to resolve this issue, long-term monitoring of wind 

velocities over the open lake would be required. As they stand, 

however, the hydrodynamic and transport models are useful for generating 

conservative projections of hatchery impact, as indica ted by the 

simulations of observed dye movements, discussed above, and by the 

simulations of observed phosphorus concentrations, discussed below. 

This section describes refinements to the model previously employed 

for simulating spatial variations in phosphorus concentrations in the 

study region and for predicting hatchery impacts (Walker et al., 1986). 

Refinements have been made in the following areas: 

(1) expansion of the hydrodynamic and transport grids (Figure 

1) to include a total of 6,080 acres (vs. 3,960 acres 

included in previous version); 

(2) improvements in communication between the hydrodynamic 

and transport model, including: 

(a) least-squares flow balancing; 

(b) estimation of exchange flows, as well as net 

advective flows between cells, based upon 

depth-integrated current velocities predicted 

by hydrodynamic model under a given wind 

condition. 

(3) recalibration of the model (advective and diffusive 

versions) to August-mid September 1984 ·data • 

./ 
(4) ..projection of hatchery impacts for effluent 

concentrations and flow~ specified in the draft discharge 

permit. 

11 
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Results are discussed below. 

Figure 24 displays phosphorus contours in the study region on ten 

sampling dates in 1984 (Smeltzer,l985). The proposed outfall (marked) 

is located in a region where contours tend to be relatively far apart, 

as compared with regions closer to the mouths of Lewis and Little Otter 

Creeks. The spacing of the contours and their general orientation in a 

NE-SW direction reflect circulation patterns in the region, as predicted 

by the hydrodynamic model. On most of the sampling dates, phosphorus 

concentrations in the vicinity of the outfall were more similar to those 

in the open. lake west of Thompson's Point than to those in Hawkins Bay. 

The mixing regimes suggested by the observed phosphorus contours further 

support the selection of this outfall 'location. 

Figure 24 also indicates that conditions in Hawkins and Town Farm 

Bays are influenced by the plume from Otter Creek (south of Kingsland 

Bay), as well as by loadings from Lewis and Little Otter Creek. The 

Otter Creek plume was particularly evident on June 27, July 26, August 

17, September 7, September 19, and September 27. Given the general NE

SW current orientations, significant transport of phosphorus from the 

Otter Creek plume into Hawkins and Town Farm Bays may occur. 

Previous modeling of phosphorus in the region (Smeltzer,1985; 

Walker et al. ,1986) has focused on predicting average August-September 

conditions and has not explicitly accounted for effects of loadings from 

Otter Creek and for transport of phosphorus from the Otter Creek plume 

into the bays east of Thompson's Point. Figure 24 shows that Otter 

Creek plume was more evident and concentrations in the open lake west of 

Thompson's Point were generally higher on the last two sampling dates 

(September 19 and 27), as compared with other sampling dates in August 

and September. To reduce the influences of the Otter Creek plume and to 

improve the yalidity of the steady-state simulation, the transport model 

has been recalibrated against cell-average concentrations for the August 

8, August 17, August 27, Septembe;_7, and September 13 sampling rounds. 
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The development of a least-squares flow balancing algorithm and 

estimation of exchange flows between cells based upon finite-element 

velocity fields represent significant improvements in the transport 

simulation. The distribution of wind load (squared mean daily speed) on 

direction for August-September 1984 is shown in Figure 25. Mixing 

energy input to the water column is clearly dominated by winds from the 

southeast. Application of the flow balancing algorithm to velocity 

fields predicted by the finite element model for a southeast wind 

results in the balanced flow velocities shown in Figure 26. Similar 

calculations have been performed using velocity fields generated by the 

hydrodynamic model for other wind directions (Figure 20). These are 

used in the subsequent section to evaluate the sensitivity of hatchery 

impacts to wind direction. 

Tributary flows, concentrations, and loadings were higher during 

June and July, as compared with August and September of 1984. Previous 

modeling studies (Walker et al. ,1986) have indicated that phosphorus 

residence thne (ratio of mass in water column to external loading) is on 

the order of two weeks in the Hawkins and Town Farm Bay areas east of 

Thompson's Point. Some of the phosphorus measured in the water column 

during August and September 1984 reflects loadings which occurred 

earlier in the summer. To account for these effects, flows and loadings 

from Little Otter and Lewis Creeks have been calculated for the July IS

September 15 period and used in simulating water column concentrations 

between August and mid September. 

Model variables and parameter estimates for phosphorus transport 

simulations are summarized in Table 3. Three approaches to modeling 

phosphorus transport have been investigated: • 

Case lA: diffusive transport only, uniform dispersion 

/ 
coefficient; 

Case lB: diffusive transport only, different dispersion 

13 



Case 2: 

coefficients for transport in north/ south and 

east/west directions. 

diffusive transport + advective transport predicted 

by hydrodynamic model under dominant wind condition. 

The first two approaches are empirical in that the dispersion 

coefficients must be calibrated against observed phosphorus 

concentrations. The third approach is less empirical because the lake 

currents predicted by the hydrodynamic model are the dominant transport 

mechani~ and simulations are very insensitive to the assumed dispersion 

coefficient, as shown by the calibration curves in Figure 27. 

Consistent with earlier work (Walker, et al. ,1986), dispersion 

coefficients have been calibrated against observed mean concentrations 

in the open bay and lake regions (away from shallow areas around creek 

mouths). Observed and predicted phosphorus concentrations for each Case 

are displayed in Figure 28. 

The inclusion of Case lB (different transport coefficients in the 

north/south vs. east/west directions) is based partially upon the 

balanced flow velocities predicted by the finite element model. As 

shown in Figure 26, the model predicts much higher exchange velocities 

in the open lake in the north/south direction (.8 em/sec) vs. east/west 

direction ( .1 em/sec). As noted by Fischer et al. (1979), effective 

diffusivities in the direction of mean lake transport (south to north in 

this case) have been found to be an order of magnitude higher than 

diffusivities in a direction with is transverse to the mean transport. 

Because of the elongated shape of the lake and variations in wind fetch, 

effective eddy sizes may be larger for transport in the north/south vs. 

east/west directions; this, in turn, may have important implications for 

selection of appropriate diffusive transport coefficients (Okubo ,1971; 

Walker,l985)., As indicated by the calibration curves in Figure 27, Case 
/ 

lB yields , the lowest mean squared error for prediction of phosphorus 

concentrations ( .62 vs. • 74 for C'ase 2 and .76 for Case lA). Several 

other combinations of north/south and east/west dispersion coefficients 

14 



·~· ,, 
have been investigated. A ratio of 5 (600,000 m2/day to 120,000 m2/day) 

yields the best fit, although other ratios (e.g., 10) work nearly· as 

well. 

For each Case, the model tends to over-predict phosphorus 

concentrations by 0-1 ppb in the open lake region west of Thompson's 

Point (Columns 11-14, Rows 4-9). It is possible that transport rates in 

this region are greater than those predicted by any of the above 

approaches. The models tend to under-predict phosphorus levels by 0-1 

ppb in the southern portions of the bay (Columns 13-18, Rows 11-12). 

Intrusions from the Otter Creek plume and/or. underestimation of 

tributary loadings may account for these small differences. Agreement 

between model simulations and observed phosphorus is generally good, 

especially considering the fact that the Case 2 predictions are based 

upon velocity fields which have been generated independently of the 

observed phosphorus data. 

Simulations of the steady dye release conducted by Smelter0985) 

during August and September of 1984 are shown in Figure 29. As found 

previously, the models calibrated for predicting phosphorus levels tend 

to over-predict measured dye concentrations resulting from the steady 

release. This may be related to non-conservative behavior of the dye 

over long time scales (e.g., adsorption to bottom sediments) and/or to 

under-prediction of lake currents. 

HATCHERY IMPAC'r PJto.JEC'riOBS 

Drogue studies and simulations of phosphorus and dye distributions 

in 1984 and 1986 support the validity of the linked hydrodynamic and 

transport models as tools for developing conservative projections of 

hatchery impact. The models are used below to evaluate the sensitivity 

of hatchery impacts to location, discharge· concentration, ·wind 

direction, and wind speeds. 
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Hatchery impact projections for each Case under August loading 

conditions (effluent concentration • 90 ppb) are illustrated in Figure 

30. The impacts are expressed as increases in cell phosphorus 

concentration (ppb) attributed to the hatchery discharge. A plot scale 

factor of 10 has been used to enhance resolution. Increases for other 

months can be estimated in effluent 
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proportion to the hatchery 
"· .t concentration (ranging from 86 to 111 ppb, Table 3). The August loadin~ ~ ~ 

condition is most representative of impacts during the critical algalt ~ ..,: 

growth period. The advective model predicts a maximum increase of 2.1 
1\'Q~ '( ~· 

ppb in the hatchery discharge cell and increases of 1.7-1.9 ppb ~ l'-' f 
throughout the bay areas east of Thompson's Point. ·Th~ diffusive models) \ ~~ ~ 
predict greater impacts within the discharge cell ( 2. S-3 ppb), but "i 
similar increases throughout most of the bay (1.7-2.1 ppb). 

As discussed previously (Walker et al. ,1986), bay-wide increases 

are probably of greater significance from a water quality perspective 

than increases within the discharge cell because low residence time in 

the discharge cell would limit algal responses to the increased nutrient 

levels. The models do not account for currents and dilution induced by 

the diffuser and therefore likely over-estimate phosphorus increases in 

the discharge cell. Generally, the impact projections on bay-wide 

conditions are relatively insensitive to choice of model (advective vs. 

diffusive). 

Sensitivities of impacts to wind direction under August loading 

conditions are illustrated in Figure 31. Because of variability in 

direction and speed and because of the appreciable residence time of 

phosphorus in the bay, it is unlikely that conditions would ever 

equilibrate with any fixed wind regime. The simulations in Figure 31 

are intended to show general directions of changes in relation to wind 

direction. These simulations show .that projected impacts are greater 

for the sout_)teast and northwest wind directions than for the others. 

The above- projections for the dominant southeast wind event likely 

overestimate the impacts, when sh~ting wind directions are considered. 

16 
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Impact sensitivities to the combined effects of variations in ~ind 

speed, direction, and hatchery loading are shown in Figure 31. ;_Time 

series of daily mean wind speed and direction at Burlington Airport for 

June-September 1984 have been used to develop 122 sets of daily current 

patterns. These, in turn, have been used to drive the transport model 

in a dynamic mode in order to predict spatial and temporal variations in 

phosphorus over the 122-day period, as induced by the hatchery discharge 

at 11.5 mgd and effluent concentrations at the proposed monthly limits 

(Table 3). Average wind speed for June-September 1984 was 8.2 mph, in 

relation to the 30-year mean of 7.9 mph for the same months. Initial 

values for the simulation (June 1) have been set at the steady-state 

solution under the dominant wind event (SE, 8.5 mph). 

Time series of hatchery impacts at six locations in the bay are 

shown in Figure 31. As expected, the impacts are greatest and most 

variable in the discharge cell. As discussed above, the model likely 

over-predicts increases and variability within the discharge cell 

because effects of currents induced by the diffuser at not considered. 

Increases of less than 4 ppb are predicted in the discharge cell under 

worst-case conditions (generally following a day or two of low wind 

speeds). At locations further distant from the discharge cell, the 

level and variability of the hatchery impact decreases. This reflects 

increased volume and a greater sensitivity to average wind conditions, 

as opposed to daily conditions. When these variations are considered, 

the range of impacts is generally between 1 and 2 ppb throughout most of 

the bay areas east of Thompson's Point, as reflected by the dashed lines 

in Figure 23. 

Under the proposed effluent limitations, the projected mean impact 

of the hatchery on phosphorus levels east of Thompson's Point is less 

than 2 ppb. This conclusion is similar to that reached based upon 

earlier versions of the hydrodynamic and transport models (Figure IV-11, 

p. 56, Case 2, Mean Flow, Effluent P • 100 ppb, Walker et al., 1986). 

This change should be - - ·-::- - - evaluated in relation to: 

17 
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(1) 5 ppb average increase set by the Vermont Department of 

Water Resources as an acceptable level of impact; 

(2) observed temporal variations in phosphorus concentrations 

in the open waters of the bay under existing conditions 

(range 12-25 ppb, see Figure 24), as induced by 

fluctuations in loadings from Little Otter, Lewis, and 

Otter Creeks, mixing characteristics, and other physical, 

chemical, and biological factors; 

(3) observed year-to-year variations in average phosphorus 

concentrations at the longterm lay monitoring station off 

Thompson's Point (range 11-21 ppb, 1979-1984 means, 

Wa1ker,1986); 

(4) o bserved temporal variations in transparency off 

Thompson's Point (ranging seasonally from 2 to 8 meters); 

(5) spatial variations in Lake Champlain, in particular the 

south-north gradient which ranges from 56 to 10 pp b, 

based upon 1979-1985 monitoring data (Walker,1986). 

Analyses of phosphorus, chlorophy 11-a, and transparency data from 

throughout Lake Champlain (Walker, 1986) indicate that nuisance algal 

growths (defined as chlorophyll-a concentrations exceeding 20 ppb or 

transparencies less than 2 meters) are generally not found at detectable 

frequencies in waters with total phosphorus concentrations less than 25-

30 ppb. An increase from 15 to less than 17 ppb in the average 

phosphorus concentration east of Thompson's Point is not likely to 

result in nuisance algal densities and will maintain a mesotrophic 

classification for the bay. 
/ 
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COBCLUSIOBS 

(1) An outfall location 400 meters west of Gardiner Island is 

favorable for minimizing local water quality effects of the 

hatchery discharge. Discharge through a diffuser will take 

advantage of the 1 • 7-9.3 em/ sec currents measured during the 

drogue and dye studies under prevailing winds and will 

minimize the potential for localized increases in nutrient 

concentrations during periods of low winds. 

(2) Phosphorus contours observed during 1984 indicate that water 

quality in the vicinity of the proposed outfall is more 

similar to the open lake waters west of Thompson's Point than 

to the shallow Hawkins Bay area. This is consistent with 

favorable currents in the area. The orientation of phosphorus 

contours is also consistent with the dominant SW-NE current 

patterns predicted by the hydrodynamic model under prevailing 

SE winds. 

(3) An outfall location further out into the main lake would 

result in a discharge to the hypolimnion. A location closer 

to the hatchery and McDonough Point would place the discharge 

in a region where current velocities tend to be higher, but 

where a higher percentage of the effluent would be transported 

through shallow regions of Hawkin' s Bay under dominant wind 

regimes. 

(4) Comparisons of measured and modeled current velocities 

indicate that the hydrodynamic model used to project hatchery 

impacts captures the general structure of circulation patterns 

in the region, but generally under-predicts current 

magni tu!ies, when driven by wind measurements taken at 
/ 

Thompson's Point. Underestimation of effective wind speeds 

driving lake circulation and/or the effective wind shear 
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in the bay will remain well below levels which are required to 

support nuisance phytoplankton growths, based upon review of 

data from other regions of Lake Champlain. 

/ 
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Table 1 

Comparison of Measured and Modeled Currents 

August 18, 1986 Drogue Study 
Wind Direction • NNW Speed • 13.8 mph 

DEPTH 
(m) 
1 
3 
6 

MEASURED 
(cm/s) 
12.8 

5.2 
3.8 

August 28, 1986 Drogue Study 

MODELED 
(cm/s) 
6.6 
3.4 
3.4 

Wind Direction • N Speed = 5-13 mph 

DEPTH 
(m) 

1 
3 
6 
9 

MEASURED 
(cm/s) 
7.3 
3.9 
7.6 
8.5 

MODELED 
(cm/s) 
4.2 
2.3 
1.5 
1.5 

September 2, 1986 Drogue Study 
Wind Direction = NW Speed = 5-10 mph 

DEPTH 
(m) 

1 
3 
6 

MEASURED 
(cm/s) 
3.0 
3.0 
3.0 

MODELED 
(cm/s) 
2.0 
0.3 
1.2 

September 3, 1986 Drogue Study 
Wind Direction = SSE Speed = 9.3 mph 

DEPTH 
(m) 
1 
3 
6 
8 

MEASURED 
(cm/s) 
14.8 
12.2 
9.6 
9.3 

MODELED 
(em/ s) 
3.6 
1.9 
1.2 
1.4 

September 15, 1986 Dye Study 0-5 hrs 
Wind Direction = SE Speed = 4.5 mph 

DEPTH 

Surface 
Mean / 

MEASURED 
(em/ s) 

8.0 
1.7 

MODELED 
(cm/s) 
1.0 
0.5 

(from aerial photo) 
(from dye measurements) 



Period 

Table 2 

Time Periods and Wind Conditions 
for Dye Study Simulations 

Time(hrs) Speed 

Start Stop Direction mph 
------------------------------------------

1 0 3.6 SE 4.3 
2 3.6 9.4 NW 5.4 
3 9.4 15.4 NE 5.0 
4 15.4 39.4 NW 8~8 
5 39.4 56.0 NE 5.0 
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Tributary Inputs 

Table 3 
Simulation Variables and Parameters 

Flow 
m3/day 

Phosphorus 
Cone. 
ppb 

Lewis + Little Otter 58,000 68 July 15-Sept 15, 1984 
Thorp and Kimball 2,400 
Hatchery 43,569 (see 
Open Lake Throughflow 3,200,000 
Open Lake Throughflow 3,800,000 

Phosphorus Decay Rate = .001 day-1 
Atmospheric Loading = .055 mg/m2-day 

68 II 

below) 
12 Aug-Sept 1984, Col. 13 
12 Aug-Sept Mean, Col. 13 

Dye Loading (Aug-Sept 1984) = 87 grams/day, (Col 18, Row 13) 
Dye Effective Settling Velocity (Photochemical Decay) = .091 m/day 

Hatchery Permit Concentrations 
(Including 15 ppb Background for Kingsland Bay Intake) 

Month Conc(ppb) 

June 103 
July 86 
August 90 
Sept 111 

Dispersion Coef.(m2/day) Aug-Sept 1984 Phos. 
East-West North-South Error Mean Square 

Case lA 
Case lB 
Case 2 

140,000 
120,000 

10,000 

140 ,000 
600,000 

10,000 

Advective Transport - Case 2 
Dominant Wind Direction: 
Effective Wind Speed: 

SE 
8.55 mph 

.76 

.62 
• 74 

= Root Mean Square Daily 
August-September 1984 

Mean Speed, Burlington Airport, 

/ 
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Figure 1 
Location Map and Expanded Simulation Grid 

Cell Width = 400 meters 
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Figure 2 

Wind Rose - Thompson's Point 
September 1986 
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Figure 3 
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Figure 4 
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Figure 5 

WIND DIRECTION DURING DROGUE STUDY 
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Figure 6 
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Figure 11 
Drogue Study Results 

Mean Current Speed (em/sec) 
Wind Surface Bottom 
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Figure 16 

Flow Field Due to UHU Uind 
• = Drogue Release Point 
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Drogue Patlls Observed 
on Sept: Z 1986. . 
Uind Condition U-HU. 
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Vertically Averaged Velocity Vectors 
From Computer Simulation 

and 
Measured Drouge Paths 

\Hnd Condition SSE, Wmean = 9.3 mph 

September 3, 1986 
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B = Bottom Current 
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Figure 22 
Observed Dye Behavior 
September 15-17, 1986 
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Observed and Predicted Dye Movements 
September 15-17, 1986 
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Figure 24 
Phosphorus Contours in Study Region 

Jurte-September 1984 
( Sme1 tzer ,1985) 
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Figure 25 
Wind Load vs. Direction 

Burlington Airport 
August-September 1984 
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Figure 26 
Balanced Flow Velocities 

Southeast Wind 
Mean Speed ~ 8.7 mph 

Velocities in centimeters/sec X 
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Figure 27 
Dispersion Coefficient Calibration 
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OBSERVED CIKEKTIATIH 

I 2 3 4 5 4 7 I 9 II II 12 13 14 15 U 17 18 19 21 21 22 
•"-------------------------------------------------------------· 

21nnuuuuuuu II II II II II II II II lhu lhxuuuuxuul 
31xnnnxnxun nnxuxnnnxnxl 
41nuunxnnn II II II llnxxxx 14 nnnl 
51xnnuxnuuxnuu II II II lhuxxx 13 14 l3 13 
61xxxnnxxxnnnnxxnnunuxn II II I hxxxu 12 l3 13 14 16 
71unxuuxxxuunuxuxnuu II 12 II 12 14 13 14 15 14 14xnl 
81xnnu,xxuuuuuuuxnxu 12 II II II 13 13 14 16 14 14 15xul 
91uxuuxuuuuuuxuxnx II 12 II II 12 13 13 14 14 14uunl 

lllunxunxil{nnnnnnxx 13 12 II 12 14 14 13 13 14uuxunl 
lllxuxnnixnnuxunxn II II II 14 13 14 14 14 nnxunl 
121xnuuxnuxuux 12 II 14 13 14 13 14 14 nxxxxuxl 
131uxnnnxnuuxx 12 12 l2 13 13xn nuxuul 
141xnuunxuux 12 12 l2 15 14xu nxuuuuuunuul 
151uuuuuu l2 12 12 12 12 12 12 14uuxxnnnxxuxnuuuuxnl 

·------------------------------------------------------------------· 
PREDICTED CIKIHTIATIIIIS 
DIFFUSIVE HODEL, OX • DY • 141,111 H21MY 

I 2 3 4 5 4 1 I 9 II II 12 13 14 15 16 17 18 19 21 21 22 
·--········-·················--------------------------------------· 

21xxnuuxnuxxxxx II II II II II II II II lhu llxxuuuuuuxl 
31nxxuuuuxu II II II II II II II II II II lhxxxuxxxxuuuul 
41xxxuuuxxuxx II II II II II II II II II lhxxxxx 14 14 14xxxxul 
51uuxxxnmuxuuu II II II II II 12 12 lhxxxu 14 14 14 14 141 
~lllllllXXXllllXXllllXXXllllllllXIl 12 12 12nllll 13 14 14 14 14 141 
71unxxxnnxxunxuunnnu 12 12 12 12 13 13 13 13 14 14 14xnl 
81xxxxxxxxxxxuuunxxunxuu 12 12 12 13 13 13,13 14 14 14 14xnl 
91xnxxxuuxuuuxuuuux 12 12 12 12 13 13 13 ll 14 14 14xxuul 

lllxunuxuuuxunxnnxxx 12 12 12 12 13 13 13 14 14 14xxnuxnl 
lllnxxxxnunuunnxnx 12 12 12 12 12 13 13 l3 14 14 15xxxxnnxl 
121nunnmxnnn 12 12 12 l2 12 l2 12 13 13 14 14 15 17nxxuxxxl 
131xxxxxxuxxxnxxxn 12 12 l2 12 12 12 l3 13 13xn 15 17 2hmnnxl 
141nxxunnxuu 12 12 12 12 12 12 13 l3xxx 13xxxxuxxuuxuunul 
151xnuuuxu l2 12 12 12 12 12 12 14uunxunxxxnxunxnnxnxl 
•····-··-··--·····--···-------------------------------------------· 

PREDICTED • DBSERV£0, ~ smE • ,76 

I 2 3 4 5 6 7 8 9 II II 12 13 14 15 U 17 18 19 21 21 22 
I ········-········--·-···-· · •• ·----·• ·· • ---····--· ·•·· ---··-····-·-I 

21uuuunxnnxn I I I I I I I I lux hnxnuuuxn I 
31nuunxxxuu uuxuxuxuuxul 
41xxxxuxuuuu I I I hxuu I uxuxl 
51uuuuunnuxxxxx I I I hxuxx I ·I I I 
61nuuxxnxnunxxunnuxnxu I I hxuu I I I -1 ·I 
71xnxxxxxxxxnnnxnxnnuxu I I I I ·I I -1 ·I ·I ·hnl 
81nunxuunnuxxxuuuuu I I I I I -1 -1 -1 ·I ·I -lxxxl 
flxuxxnxxununnuuun I I I I I I I ·I I -huuxl 
lllxuuxuuuunuxnuuu -1 I I I -1 -1 I I hxnnxxxl 
llluuuuuunuunnn I I I -I -1 ·I I I xunnu I 
121nnxnuuuxnn I I -1 -1 -1 I I I unxxxxxl 
l31xnxnnuuxunx I I I I hn nnnnxl 
141xuunnxnux I I I -2 -hxx xuunxxxnnnnxxx: 
151xnxuxxun I I I I I I I huxxxxxxxxuuuuxuuuxxxxl 

1------------------------------------------------------------------t 

Figure 28 
Observed and Predicted Phosphorus Concentrations 

August 1 - September 15, 1984 

PREDICTED CltiCENIRATIOlS 
DIFFUSIVE HODEL OX" 121,111 H21MY, DY" 611,111 H21MY 

I 2 3 4 5 6 1 8 9 II II 12 13 14 15 U 17 18 19 21 21 22 
·------------------------------------------------------------------· 

21xxxxxxxxxuuxuu II II II II II II II II llxn I huuuuxxnn I 
3/nuxxxnuuxx 9 II II II II II II II II II llxuxnnxxuxnxnl 
41xnxnnuuxxx 9 II II II II II II II II lluxxu 14 14 14uxxnl 
51xxxnxxuxxxnunxxx II II II II II II II llxnm 14 14 14 14 151 
61nxnxnnxnxnnnxunxnxnxx II 12 12nxxxx 14 14 14 14 14 151 
71xxxxxunxxxxnxxxxxxxxxxxxxxx 12 12 12 12 13 13 13 14 14 14 14xnl 
81xnxxxnxxxxxxxxxxxnxxxxxxxxx 12 12 12 12 13 13 l3 14 14 14 14xxxl 
91xxxxnnxxxnnuxxnxnxn 12 12 12 12 12 13 13 14 14 14 14uxxnl 

lllxuxuxuxxxxunxuunux 12 12 12 12 12 13 l3 14 14 14uuxuul 
II lnnuuuuxuuuxxux 12 12 12 12 12 12 13 l3 14 14 15nuuuxl 
121xnuxmuuuux 12 12 12 12 12 12 12 13 13 l3 14 14 Uxuuxxul 
131xnxnuxuunux 12 12 12 12 12 13 13 l3 13xu 14 14 17unmnl 
141nxxnunxuxx 12 12 12 12 12 12 13 13xu 13uuuxxxnuxnnxul 
151xxnnxxxxu 12 12 12 12 12 12 12 14xnnuxxxnxnnnxnnxxxnxl 

1-·-----------------------------------------····------------------·l 
PREDICTED • OBSERVED, HEtti SO'-"RE" .62 

I 2 3 4 5 6 1 8 9 II II 12 13 14 15 16 17 18 19 21 21 22 
1------------------------------------------------------------------l 

21nxxxxuuxunxxx I I I I I I I I hxx hnxuxuuxuxl 
3:u:xxxxuunux xnuxnuxxuxxu l 
41ununxuuu I I I huxu I nxuxl 
51unnunuxxuuux I I ·I -luxxu I I I I I 
61xxuuuuuxuuuxuxuxxuuxx I I hxxxxx 2 I I I ·I I 
71uxxxxxxxxnuuxuxxxxxxxxxu I I I I -1 I I -1 I hul 
81xxxxxxuuxxxuxxxxxunuxxxx -1 I I I I -1 ·I -1 I I ·hnl 
91xunxxxuxnxnxxxxxxxxnx I I I I I -1 I -1 I hnuxl 

lllxxxnxxuxxxxxxxxuxuxuu ·I I I I ·I -1 I I huxnnxl 
II lxnxxxuxnxxxxxxxxxxxxx I I I ·I -1 -I I -1 nnnxxx I 
121xxxnnxxxxxxxxux I I -1 -1 ·I ·I -1 I nnuxxxl 
131xuxuunxuuxu I I I I -hxx nnuxxxl 
14:uuxuunuu I -1 I -2 -hxx xnuxuxuxnxuxuxl 
151xxxuxuxxu I I I I I I I huuuxuuxxuxnxuxuuuxl 

f ------------------------------------------------------------------. 

PREDICTED CltiCBITIATIItiS 
ltOVECTIVE HODEL 1 SOUTHEAST 1111«11 OX • DX • 11,111 H21MY 

I 2 3 4 5 4 7 B 9 II II 12 13 14 15 16 17 18 19 21 21 22 
1-·---------------------·-··-···----················-------------· 

21uxnnxunnuu II II II II II II II II llnx llnxnxxnxunxl 
3/mnnuxxxxn t 9 II II II II II II II II llnuuuuunnul 
41mmunnnx 9 t II II II II II II II llnnu 14 14 14uxml 
51xxxxxxuuxunnuu II II II II II 12 12 lluuu 14 14 14 14 141 
61xnuxxxxxuxunuunuunnu II l2 12nxux 14 14 14 14 14 141 
71uxunxnxuuuuxuuuuu 12 12 12 13 13 14 14 14 14 14 14xxxl 
81nuuunxuuuuuxnxxuu 12 12 12 l3 13 14 14 14 14 14 14ml 
flnxxxxuuxuununnuu 12 12 12 12 l3 13 13 l3 13 14 14xuuxl 

llluuuunuuxuuxnnxu 12 12 12 l2 13 13 13 13 13 14xxxxnml 
lllnuuxuuuuuuuux 12 12 12 l2 12 13 l3 13 13 14 15nuxuul 
121uumuxxnuux 12 12 12 12 12 12 12 13 13 13 13 14 18xxxuxml 
13/muuuuuuux 12 12 12 12 12 l3 13 13 13ux 14 15 28mumxl 
141uuuuuxnu 12 12 l2 12 12 12 l3 13nx 13uuuxuunxuuuxl 
151nuxuuxu 12 12 12 12 12 12 12 14nxuxnuxuxuuxnuuxuul 
1-------------------········---------------····----·····---· 

PREDICTED • OBSERVED, ~ SO'-"RE • ,74 
.~ 

I 2 3 4 5 6 7 8 9 II II 12 13 14 15 16 17 II 19 21 2(U 
I ·-.. ···--·. ---·· ·-················ ······--------·········-········1 

21nnxnnuxunu I I I I I I I I hu luunnuxuul 
3/unxnnnun lllUIXIXUUXIIU/ 
41unnunxnu I I I luun I xuxnl' 
51uuxuunnuuxxu I I I lxuxxx I ·I I I 
61uuxuxxxuxxxuuxxxuuxnun I I luxux 2 I I ·I ·2 
71xxxuuuuuxxxuuuuuxux I I I I ·I I I ·I ·I ·lxul 
Bluxxxuxxuuxuxuuuuuxu -1 I I I I I -1 ·I -1 -1 ·hxxl 
91uuxxxxxxuxxxxuuuxxxu I I I I I I I ·I I ·lxxxxul 

llluuxxxxxuxuuxuuxxuu- -1 I I I ·I -1 I I -luuxuul 
II luxuxxuxxuxxuunux I I I ·I ·I ·I -1. ·I uxxuuxl 
121uuxxxuuuuxu· I I ·I -1 ·I ·I -1 -1 uxnxual 
13/uxxuxxxuxxxxxu I I I I ·hn uxuxuxl 
141xxuxxxxxxxuxx I -1 I -2 -lxn uxxuxuuuxuxuul 
151xxuxxxxxux I I I I I I I hxuxxuxxxxxxxuxxxxxuuxuxl 

1------------------------------------------------------------------· 
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~ 



Figure 29 

Observed and Predicted Dye Concentrations 
Steady Dye Release - August-September 1984 

/ 

DIFFUSIVE HODEL, DY • OX • 141 ,Ill 112/MY 
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Bfxxxxxxxxxxxxxxxxxx I I 2 2 2 2 2 2xxxr 
91xxxxxxxxxxxxxn I I 2 2 3 3 2xxxxxx: 

lllXJJXJJXJJUJUJ I 2 2 3 3 3xxxxxxxxx: 
11: xxxuxxxxxxx I 2 3 4 4 Sxxxnnul 
12:xxuu I 2 3 5 7 7xxxxxxxxx: 
13:Xnxxx I lux 9 U lhxuxuu: 
141nx Ill Jxuxuuuuuuuux: 
15: IIIXXIIIIXXIIXIIIIIIIIIIIIXXXX I ·---------- -----------+ 

DIFFUSIVE HODEL, DX ~ 121,111, DY • 681,111 H2/MY 

6 7 9 9 II II 12 13 14 U 16 17 19 19 28 21 22 ---· 31xxx IIXIXXXIXXIIXIIIIX f 
4hxx nun 3 3 2xnxxx: 
51xnxuxxx nun 3 3 2 2 2: 
6 I IIJIIIIXXIIIIIXXIIIII JUJU 2 3 3 3 2 2: 
7l XJJIJXIJXJIJXUUX I 2 2 3 3 3 2xxx: 
a:xxxxxxxxxxxxxxn:xx I 2 2 3 3 3 2xxxl 
9lxxxxxxxxxxxun I 2 3 3 3 3uxxxx: 

18 l XXIXIXXIIJXIIXX I 2 3 3 3xxxxuixx: 
II :xxxuuuxu I 2 3 4 4xxxxxxxu: 
t2lxxxxxx I 2 3 5 4xxxxxxxxx: 
13lxxxxxx lux 4 9 4xxxxxxxxx: 
14lxxx XXI lxxxxn:xxxxxxxxxxnxxx: 
15: xxxuxxxxxxxn:xxxxxxxxxxxxxxxx l 

ADVECTIVE HODEL, SOUTHEAST IIIND 

5 6 7 9 9 II II 12 13 14 15 16 17 19 19 21 21 22 ·------------------------------· 
3lxu XIIIIIIIXIIIIIIXXI f 
4lxxx XXXIII 2 2nxxul 
s:xxxxunx nun 2 2 2 2: 
6luununxunuxux huxu 2 2 2 2 2: 
7: IIIIIXXIIIIIIIIIII J 2 2 2 2 2 2xnl 
Slxxxxxxnxxnxxnu I 2 2 2 2 2 2xnl 
91 XXIIIXIXIJXIIII I 2 2 2 2 2unxxl 

II: XJUJXJXUUUJ I I 2 2 2 3uxxxxxxx: 
II : UXJJJJJUXJ I 2 2 3 3nnnnx: 
12:Xnnx I 2 4 5 6xxxxxxxn I 
13luun lux 9 16 9nnxxnxl 
14lnx JJJ XIJXXXXXXIIXXXXXXJXXI I 
15: XIIXXIJIXXXXIIJIIXXIXXXXIIIIXX I 
·------------ ------------+ 

OBSERVED CELL-i1~ DYE CIKENTRATI!HS CPPB X Jill 
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Figure 30 

Pred:..cted Hatchery Impacts~~~/ 
August Loading Conditions 

Increases in Cell Phosphorus Concentrations (ppb x 10) 

/ 

,lllVECTIVE HODEL, SOUTHEAST WIND, DX • DX • 11,111 H2/DAY 

123456 9 II II 12 13 14 15 16 17 18 19 21 21 22 

--------------------------------------· 21xnnnnnnnxu 
3: IXIJIIIIIIIXIIJ. I 
4: JJJIXIJJJIIJIJI I 
5 f IIIXIIXXIIIJIJIIXIXXI 

6 I JIJIXIJJJJJJIXIJJJJIXIIJJXIXIJJJJ 

7 I UJJJJJJJJJJJJJJJIJJIUIJJJJJI 3 
8 l UJJIIJJJJJJIJJJJIJJJJJJJJJJJJ 2 
9lJJJIJJJJIUIJJUJIUJJJJUJ J 2 

lllJJJIJJUIUJIIJJJJJJJJJJIU I 1 
II: IJJUJJJUJJJXIJJUJJJJJ I I I 
12lxnnxnxnunnx I I I I I 
131nxnxnxnuuxu I I I I I 
141nxnuxuxun I I I I I I 
151uuuunu I I I I I I I 

I 
I 
2 
2 
3 
3 
3 
3 
2 
1 

I lxn lxnnnxunxn: 
1 I Jnnnnnxunxu: 
3 2unu I 8 19 I hnxu I 
5 2xnm 19 19 19 19 181 
nnn 18 19 19 19 19 191 

1 8uxnuul 
1 9 14nuuxu: 
I lux 7xnxnununuuxu: 
IUJJJJIJJJJJJJIJJUJUUUJJJJ: 

---+ 

DIFFUSIVE HODEL, OX= DX = 141,881 H2/DAY 

123456 9 II II 12 13 14 15 16 17 18 19 21 21 22 

21XJXIIXXIIXIXIIIXII 

31 JJJJJJJUJJJIJJ I 
4fxxxxxxnxxxnn I 
': XXIIIXIIIXJIXXIIXIXII 

I I I 
1 2 3 
2 3 4 
2 4 5 

I hu huuxuunnxl 
2 1 huuxuunxuuxl 
4 3xnxn 18 18 18uxux: 
S 4uuu 18 18 18 18 181 
7x un 17 18 18 18 18 !81 
9 2 15 17 18 18 19 19m: 

6:XXIIIJIXXJIIIIIIXXXIXIIIXXJIIIIXI 

71uunnxnuunuuxunun S 
8:xnXIIIXIJIXIIXXXIIIIXIIXXXIXI 5 
9luuuxunuxnxxnnnux 4 
lllxnnnunuunuuuun 3 
JJ l UJJJJJJUIUIJJJIJJJJU 2 
12luuxnnxnuxux I I 2 
13luuuunuuuu I I 1 
14: IIIIIJIXXXXJXII I I I I 
151 xuuxuuu I I I I I 
+---------------

9 12 u 17 " 1 
9 13 16 19 21 21uxuxl 
9 4 18 23 22xunxuxl 
9 4 I 26 24xiunxu: 
9 3 1 25 25 23xuuuul 
8 

5 6 
6 7 
5 6 
s 6 
4 s 
2 4 
3 5 
3 5 
2 lux 

-------+ 
DIFFUSIVE HODEL, OX • 121,811 HVDAY, DY • 611,111 HVDAY 

123456 9 II II 12 13 14 15 16 17 18 19 21 21 22 

2 :xxxxxxxxxxxxnxxn 
Jlxnuuunun I 
4 f XXIIIIIIIIXXIXI I 
Slxxuxxnnxxunxnu 
4 f IIJIIXJIIIIXIIIIXIIIIIIIIIIIXXIIJ 

71 xnnuxnunnunxnunnx 2 
BfXIIIIIIIIIIIIIIIJIIIIXIIIIIIII 1 
91xnunnxnnnxnxnuxn 1 

Jllxnnnxxnuuxuununx 1 
II I IUJJJJJJXIJIXIXJIJJJJIJ I 1 
121 nununxunnx I I I I 
J31uuuunuunn I I I I 
14 I xunnnnxnx I I I I I 
151uuuunn I I I I I I 

·---

I I I hu hxnuuuxuul 
I 1 I I hxununxuuxn: 
I 2 2 lunu I 21 21uuul 
1 3 3 Jmm I 21 21 21 211 
2 3 4x uu 19 21 21 21 211 
2 4 6 I 16 1 21 21 21 21m I 
2 4 7 I 16 I 21 21 21 2hu I 
2 4 7 2 16 I 21 21 2hnm: 
2 3 7 12 17 22 2hxuuuxl 
I 3 7 12 17 22 21xnnnnl 
I 3 7 JJ 1 24 22 2hnxnxu: 
I 3 7 lhn 23 22 2hnuuul 
I 3n I hnnnuuxnunnxl 
bnunxnuxuxuxuxunuu I 



I 2 3 4 5 6 7 8 9 II II 12 13 14 15 16 17 18 19 21 21 22 
·------------------------------------------------------------------· 

21nnnnxnnnxn I I I I I I I I hn lnnxnnxnnx: 
31unnuxnxux I I I I I I I 2 I I lxnxxxxxnnxnnx: 
41nxuxnxxxxxu I I I .I I I I 3 2 hxxux 16 16 16xuxu: 
51uxnuxxxunuxnn I I I I 2 4 4 2uuu 16 16 16 16 161 
61x nxunxxxxxunux 3 5 5x xnx 16 16 16 16 16 161 
71x NOKJI&j£SJ xnmxxxnnux 2 3 5 7 2 15 16 16 16 16 16xu: 
llx UUXXXIIXUIIII 2 3 6 3 17 16 16 16 16 16xul 
91xuxxxxuuuxxuxunuxu I 2 3 6 I 16 18 17 16 16 16uxnxl 

lllxxxunuuxxxxxxxmuxxu I I 3 6 2 17 19 19 16 16unuuxl 
II: ununnnunninnx I I I 2 5 13 I 
121xnxunnxunxn I I I I I 2 5 14 I 
lllxnxuunnunn I I I I I 2 6 14 l7x'- 21 ft13unuuxl 
141nnxnunuu I I I I I I I 6x x l7uxnuxuuuuuxu: 
l51xuuuxnu I I I I I I I hxuxuuuxuuxuxuuxuxu: 

·-----------------------------------------------------------------· 
I 2 3 4 5 4 7 I 9 II II 12 13 14 15 16 17 18 19 21 21 22 

·----------------------------------------------------------------· 
21xuxnxuuuuxn I I I I I I I I lux hxuuuuuux I 
31uxuuuxnnx I I I I I I I 2 I I hxuxuxuuxuxul 
41xnnunuuu I I I I I I 2 3 3 2uuu II II lhuux: 
51uxuuxuxuuxum I I I 2 3 4 4 3uxxxx II II II II II: 
61x xuuxunnnnxn 5 5 5nxux II II II II II Ill 
71x loiEST nnnxnnnxn 5 5 6 7~1 II II II II llxxxl 
8!1 nnmnuxnn 5 5 6 7 II II II II II lhul 
91uxnnxunnnunxnuu 3 4 5 6 8 II 12 12 12 llnuu: 

llluun'unuxnxunuuxu 3 3 4 5 8 II 12 14 13 lluxnuxx: 
lllxxnxxuxxuununnn I 2 2 3 4 7 13@14 llxxxuxux: 
121xuunxnnnnn I I I I I 2 3 5 1 I 12 12 lluxxxuxx: 
lllxxnxnnxnnxxxx I I I I I I 3 4 6ux 12 II lhxunxnl 
141nxxxnxunxxx I I I I I I I 2xn 6xxxxnnnnxxxnnn I 
151nnnnnn I I I I I I I hnnunxxxnnnxnxxunnxl 

·------------------------------------------------------------------I 

I 2 3 4 5 6 7 I 9 II II 12 13 14 15 16 17 18 19 21 21 22 
·------------------------------------------------------------------· 

21xnunnuuxnu I I I I I I I I lux lnnnxunxnxl 
llnxnnnxnxn I I I 2 2 2 3 4 4 3 lnxnnnnxnnnl 
41nnxnnnxnx 2 2 3 3 4 4 5 6 6 Snnn II II lhunxl 
51xnunnnunxunx 4 4 5 5 6 7 · 7 6nnn II II II II Ill 
61x nnnnnnnnxn 8 8 Snnn II II II II II Ill 
71x SOIITIIlEST xxxxnnnnxxn 8 8 8 9 9 I II II II II llxxxl 
111 xnxuxxnxxxnx 8 8 8 9 9 II II II II II llml 
flxunxxxxnunxnnuuux 1 7 7 7 8 9 II 14 11 II 18nxnxl 

Jlluuxunnuunuxuxnn 6 6 6 6 8 9 I~ 11 d llxnxnuxl 
lllxuxuxuuunnnnxu 3 4 4 4 4 6 8 1@11 lluuxxxu: 
121xuxnnnnunn I I I I 2 2 3 4 5 uxxxxxul 
lllxuuxunuxuxn I I I I I I I 2 2ux 7 7 6ununxl 
141unnnxnun I I I I I I I lux 2nnnnxunxunuxl 
151nxnunxn I I I I I I I hxunnxnxnnxnunnnnxl 

·-----------------------------------------------------------------· 

I 2 3 4 5 6 7 8 9 II II 12 13 14 15 16 17 18 19 21 21 22 
·------------------------------------------------------------------· 

21nxuxnnuunn I I I I I I I I hn hxnnxnnnnl 
31xnxunuxnu I I I I I I I 2 I I lnnnxnnxnnnl 
41unxunxnxn I I I I I I 2 3 2 2xunx 9 9 9nxuxl 
51uuunnnnnxnn I I I 2 3 4 3 9 9 9 9 91 
61x nuxunxnnxnu 4 4 9 9 9 9 91 
71x NOIITH nnxxxxxuxnu 4 4 5 9 9 9 9uxl 
81x xuxxnnnunx 4 4 5 9 9 9 9xnl 
91nnxxnxuunnnxunnx 3 4 4 6 9 9xnxul 

lllnuxunuxnunxnxuux 3 3 4 6 9xnxnnxl 
II lnnnnnxnnxnxnxn I 2 2 4 5 9xnnunl 
121xunununnxn I I I I 2 3 5 9nuuxul 
lllxxxuxnnnunu I I I I I 3 5 8uuxnnl 
141xnxnnnnnx I I I I I I 2 
l51uuunnn I I I I I I I hnuxuunxununnunnxl 

·------------------------------------------------------------------· 

Figure 31 

Hatchery Impacts vs. Wind Direction 

Effective Mean Wind Speed • 8.5 mph 
Dispersion Coefficient • 10,000 m2/day 

I 2 3 4 5 6 7 8 9 II II 12 13 14 IS 16 17 18 19 21 21 22 ·-----------~------------------------------------------------------· 
21xununnnxuu I I I I I I I I lux lununxnxuxl 
31 unuxnunu I I I I I I I 2 I I lxnxuuxuxuxux I 
41xuxuuxunu I I I I I I 2 3 3 2uxux II II Jlxuuxl 
51uuunuxuuxunx I I I 2 3 4 4 lnnn II II II II Ill 
61x unuuuxuuxux 5 5 6xux~JI II II II II Ill 
71x SOIITH xxxuxxxxxxmu 5 5 6 7 9 I II II II II lhul 
81x uuxuuuxxxn 5 5 6 8 9 II II II II Jl llxul 
91xunuuxuuxuuuxuxu 4 4 5 5 7 9 II II II lhuxul 

lllxuuuuuxuuuxuuuu 3 3 4 4 6 8 II II 
II tuuxuuuuuuuuux I 2 2 3 3 5 6 7 
l21nxnnnxuuun I I I I I 2 2 3 4 5 
l31xxxxxnnnnnxn I I I I I I 2 3 lux 8 8 7xnnunl 
l41xxuxnnunu I I I I I I I lux lnxunnnxnnxunl 
l51xnnxnnn I I I I I I I hxuxunnnnnnuuuuxnl 

·------------------------------------------------------------------· 

I 2 3 4 5 6 1 8 9 II II 12 13 14 15 16 17 18 li 21 21 22 
·------------------------------------------------------------------· 

21nxuuuuxuun I I I I I I I I lux hxuxnuxuuxl 
31xnxunnnnx I I I I 2 2 3 4 3 3 3nuxnuuuuuxl 
41nnxxnxuuu 2 2 2 3 3 4 4 5 5 Sxuux II II Jlxxxux: 
51nxuxuunxxxxxuu 3 4 4 5 6 6 6 6xxun II II II II Ill 
61x xnnxxnxxnnuux 1 1 II II II II Ill 
71x NORTII£AST nnuxxxxxxxnn 1 1 8 II II II lhnl 
8!1 xnxxxxnxxxxxxn 1 1 8 II II II lhnl 
91xxxnnxnnnnnnxuuu 6 6 7 7 II II II II lbuuxl 

lllnuxxunxxxxxxxxxunxxn 5 6 6 7 II 13 14 12 llxxnnxn: 
lllxxuxuxuxuuuunux 3 4 4 5 1 13 15@12 llxunnxx: 
121nuuuuuuuu I I 2 2 2 4 6 2 13 12 12 llxuxuuxl 
lllxnnxuuuuuix I I I I 2 4 6 xxx II II lhxxnxxxx: 
141nnuxxxuuxx I I I I I I 2 3xxx 9xxxxxxuxunuunu: 
l51xnnuxxxu I I I I I I I buxxxxnxxuxnunuxxnxxxx: 

·------------------------------------------------------------------· 
I 2 3 4 5 4 7 8 9 II II 12 13 14 15 16 17 18 19 21 21 22 

·-----------------------------------------------------------------· 
21xxxxxnuxxxuuu I I I I I I I I hu hnxnxnnnn: 
31nunnxxxnn I I I I I I I 2 I I lxnxnnnuuxux: 
41nunnuxnn I I I I I I 2 3 3 2xxnxx II II lhxun: 
51nnuuxnxuuxun I I I 2 3 4 4 3xunx II II II II II I 
61x uuuunxnuuu 4 5 5uuu II II II II II Ill 
71x EAST uuuxxxuuux 5 5 6 7 9 I II II II II llux: 
Six nxxunnxxnn 5 5 6 7 8 I II II II II llxnl 
91nxxuxnuunnxnnuxu 4 4 5 6 7 8 I II II II llnxuxl 

lllxuxunuxxxnnxuixhxu 3 3 4 5 7 9 II 13 13 l3xuuxuxl 
llluxuuuxxxuxuunux I 2 3 4 5 8 I 14®14 13uuxuul 
121nxxxuuuunxn I I I I I 2 4 8 I 151'! 14 13nmunl 
l31nxxuuunnnu I I I I I 2 4 7 u 13 13 l2uxunnl 
141uxxxuuxuux I I I I I I I 3ux 9uxuuxununuuxl 
l51xxxxuxxuu I I I I I I I lxxxxxxxxxxxxxxxxxuxxxxnxuu: 

1------------------------------------------------------------------· 

I 2 3 4 5 6 7 8 9 II II 12 13 14 15 16 17 18 19 21 21 22 
·------------------------------------------------------------------· 

21xxxxxxuxxxxuxxxx I I I I I I I lux hxxxuxxxxuxxxl 
31xxxxxxxxxxxuxx I I I I I I I I I hxxxxxxxxxxuuxxx: 
41xxxxxxxxJ~.XXXUX I I I I I I 2 3 2xxxxxx 18 18 l8uxxxxl 
51uxxxxxxxxxxxxxxxxxxx I I I I 3 5 2xxxxxx 18 18 18 18 181 
61x xxxxxxxxxxxxxxxxxxx 3 7xxxxxx 18 18 18 18 18 181 
71x SOIITH£AST xxxxxxxxxxxxxxxx 3 4 6 17 18 18 18 18 18 lBxxxl 
Six xxxxxxxnxxxnxx 3 3 II 16 18 18 18 18 18 l8xxxl 
91uuxxxxxxxxxxxuxxuxnxu I 2 3 4 I 14 17 18 18 18 18uxxu: 

lllxxxxxxxxxxxxxxxxxxxxxxxuxx I 2 2 3 2 l5~9xxxxuxxxl 
II lxxxxuxxxxxxxxxxxxxxxxxx I I I 2 2 I I 21 9xxxxxuxxl 
l21xxxxxxxxxxxxxxxxxx I I I I I I 2 8 ~ l8xxxxxxxxxl 
l31uxxxxxxxxxxuuu I I I I I I I 6xxx 19 19 l4xxxxxxxxxl 
141xxxxxxxxxxxxxxx I I I I I I I lux 6xxxxxxxxxuxxxxuxxul 
l51xxxxxxxxxxxx I I I I I I I lxxxxxxxxxxxuxxxxxxxxxxxxxuxxl 

·-----------------------------------------------------------------· 

Increases in Cell Phosphorus Concentrations (ppb x 10) 

t 
~ 
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Figure 32 

Simulation of Hatchery Impact under 1984 Wind Loads 
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Column, Row of Simulation Grid (see Figure 1 for Locations) 
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